Abstract. Gastric cancer is one of the most frequent malignancies and a leading cause of cancer-related mortality worldwide. MicroRNAs (miRs), a class of small non-coding RNAs, have been shown to be critical in tumorigenesis. In the present study, the expression levels of miR-132 were analyzed in gastric cancer samples using quantitative reverse transcription-polymerase chain reaction. In addition, the cell viability, proliferation and invasion abilities were determined in two gastric cancer cell lines, NCI-N87 and MGC80-3, that were transfected with miR-132 mimics or antisense oligos. It was found that miR-132 expression was significantly upregulated in gastric cancer tissues when compared with adjacent non-cancerous tissues. At the molecular level, the data demonstrated that miR-132 inhibits the protein levels of retinoblastoma 1 (RB1) by targeting the 3'-untranslated region. Furthermore, reintroduction of RB1 markedly attenuated the proliferative roles of miR-132 overexpression. Therefore, the present results indicate that the miR-132/RB1 regulatory axis may be a potential novel diagnostic and therapeutic target for the treatment of gastric cancer.
Introduction
Gastric cancer has become one of the leading causes of cancer-related mortality in Asia (1) . Therefore, an improved understanding of its pathogenic factors and molecular mechanisms may facilitate the identification of precise prognostic markers and effective therapeutic targets.
MicroRNAs (miRs), a class of small non-coding RNAs of ~22 nucleotides in the length, are critical in cell development, proliferation, differentiation and apoptosis (2, 3) . Previous studies have revealed that the dysregulation of miRs is tightly associated with tumorigenesis, including cell cycle progression, cell survival and angiogenesis (4, 5) . Thus, the aberrant expression of miRs may provide novel strategies for blocking the development of human cancers.
The expression and functions of miR-132 have been clearly elucidated in various types of cancer by previous studies. For example, miR-132 was found to be frequently downregulated in ductal carcinoma in situ of breast and acted as a tumor suppressor by inhibiting cell proliferation (6) . Furthermore, miR-132 was shown to inhibit colorectal cancer cell invasion and metastasis via directly targeting zinc finger E-box binding homeobox 2 (ZEB2) (7) . Notably, a recent study indicated that miR-132 expression levels in gastric cancer tissues were significantly higher than those in the corresponding normal tissues (8) . The increased expression levels of miR-132 were associated with more frequent lymph node metastasis, more lymphatic tumor emboli and a more advanced stage (8) . In addition, a functional variant at the miR-132 binding site in the CD80 gene was observed to alter the susceptibility to gastric cancer in a Chinese Han population (9) . However, the precise roles and molecular mechanisms of miR-132 in the development of gastric cancer remain undefined. The aim of the present study was to investigate the expression and roles of miR-132 in the regulation of gastric cancer progression. Western blot analysis. Human tissues or cells were harvested and lysed with ice-cold lysis buffer (pH 6.8-7.0). After centrifugation at 10,000 x g for 10 min at 4˚C, the proteins in the supernatant were quantified and separated by 10% SDS-PAGE (Beyotime Institute of Biotechnology, Nantong, China) . The western blot assay was performed using anti-ZEB2 (cat. no ab25837; 1:1,000; rabbit anti-human polyclonal antibody; Abcam, Cambridge, MA, USA), anti-cyclin E1 (cat. no ab7959; 1:2,000; rabbit polyclonal antibody; Abcam), and anti-retinoblastoma 1 (RB1) antibodies (cat. no ab24; 1:1,000; mouse anti-human monoclonal antibody; Abcam). The protein levels were normalized to total GAPDH (cat. no. sc-365062; 1:5,000; mouse anti-human monoclonal antibody; Santa Cruz Biotechnology, Inc., Dallas, Texas, USA). Luciferase reporter assays. The human RB1 gene 3'-untranslated region (UTR) was amplified by reverse-transcription PCR using cDNA from NCI-N87 cells. A 3'-UTR mutant construct was also generated by replacing the 3'-UTR with custom-made synthetic whole 3'-UTR DNAs with mismatched seed region mutations. miR-132 mimics or negative controls (NCs) and a pMIR-3'-UTR vector were co-transfected into the NCI-N87 cells. The NC was a scramble sequence (5'-TAC GGA TTG AAC TGA CTCGA-3'). Renilla and firefly luciferase activities were measured using a Dual-Luciferase Reporter system (Promega Corporation, Madison, WI, USA).
Materials and methods

Clinical
Statistical analysis.
The data shown represent the mean ± standard error values of at least three independent experiments. Comparisons between groups were analyzed using the t-test and χ 2 test. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-132 expression is upregulated in gastric cancer tissues.
Using qPCR analysis, the miR-132 expression levels were detected in 35 pairs of gastric cancer tissue and their matched adjacent non-cancerous tissues. As shown in Fig. 1 , miR-132 was observed to be significantly increased in gastric cancer tissues (P<0.001). This finding is consistent with that of a previous report (8) .
miR-132 promotes cell proliferation and invasion in vitro.
To further determine the roles of miR-132 in tumorigenesis, its mimics or a NC were transfected into NCI-N87 cells (Fig. 2A) . As expected, overexpression of miR-132 mimics promoted cell viability and proliferation, as shown by the MTT and BrdU incorporation assays (Fig. 2B and C) . Cell cycle analysis also indicated that miR-132 overexpression led to a reduced percentage of cells in the G 1 /G 0 phase and increased percentage of cells in the S phase, when compared with the NC-transfected cells ( Fig. 2D; P<0.01) . Additionally, the cell invasion abilities were observed to be increased by miR-132 mimics in the NCI-N87 cells (Fig. 2E) . Similar results were observed in the MGC80-3 cells with miR-132 overexpression (Fig. 3A-E) .
Next, the NCI-N87 and MGC80-3 cells were transfected with miR-132 antisense oligos, which block the functions of endogenous miR-203, to assess whether the inhibition of miR-132 inhibits cell growth. As expected, miR-132 antisense oligos inhibited the growth and invasion of gastric cancer cells, when compared with the NC-transfected cells ( Fig. 4A-D; P<0.05). These data indicate that miR-132 may promote cell proliferation and invasion.
miR-132 directly targets RB1 in gastric cancer cells.
Previous studies have shown that various genes, such as ZEB2 and cyclin E1 are negatively regulated by miR-132 in human cancer cells (7, 10) . However, in the present study, no changes were detected in the protein contents of ZEB2 and cyclin E1 in NCI-N87 cells transfected with miR-132 mimics or antisense oligos (Fig. 5A-B) . Therefore, a TargetScan algorithm (http://www.targetscan.org) was used to facilitate the identification of miR-132 targets in human gastric cancer cells. Among which, it was found that the RB1 gene, a tumor suppressor, harbored a potential miR-132 binding site in its 3'-UTR (Fig. 5C) . Therefore, the full-length RB1 3'-UTR was cloned into a luciferase reporter vector. Overexpression of the miR-132 mimics reduced the luciferase activity using the wild-type RB1 3'-UTR (Fig. 5D ). However, mutation of the putative miR-132 binding site abrogated the luciferase responsiveness to miR-132 (Fig. 5D) . Furthermore, transfection of miR-132 mimics in NCI-N87 cells resulted in a reduced RB1 protein abundance (Fig. 5E ). In accordance with this, a marked increase in RB1 content was observed in the cells with miR-132 inhibition (Fig. 5F ). Furthermore, the RB1 protein content was observed to be decreased in the gastric cancer tissue samples (Fig. 5G ), which correlated with the upregulation of miR-132 in the tumor tissue samples (Fig. 1) . Taken together, these results indicate that RB1 may be a downstream target of miR-132 in gastric cancer cells.
RB1 overexpression blocks the proliferative role of miR-132.
To verify the functional connection between miR-132 and RB1, the NCI-N87 cells were transfected with RB1 expression plasmids or an empty vector following transfection of miR-132 mimics (Fig. 6A ). As shown in Fig. 6B -D, RB1 reintroduction reversed the oncogenic roles of miR-132, underlining the specific importance of RB1 for miR-132 action in tumorigenesis.
Discussion
Numerous studies have demonstrated that various miRs, such as miR-375, -200 and -516a-3p are dysregulated in gastric cancer tissues or cell lines (11) (12) (13) . In addition, abnormal expression of certain miRs in gastric cancer is associated with progression, poor prognosis and sensitivity to chemotherapy (14, 15) . Therefore, identification and understanding of the roles of miRs will expand their application in clinical practice, to be used in the detection, diagnosis, prognosis and treatment of gastric cancer. Previous studies have shown that miR-132 is downregulated and may serve as a tumor suppressor in prostate, lung and breast cancer (16) (17) (18) . In the present study, evidence demonstrating that miR-132 is upregulated in gastric cancer tissues is presented. In addition, in vitro studies further indicated that the overexpression of miR-132 mimics promoted (while its antisense oligos suppressed) cell proliferation and invasion. Although the reason why miR-132 could either inhibit or promote cell proliferation remains unknown, the role of miR-132 in tumorigenesis may be cell or tissue-specific. However, the functions of miR-132 in gastric cancer development require further investigation in vivo; thus, analysis in miR-132 knockout mice or overexpression of miR-132 in nude mice may be facilitative.
At the molecular level, computer-assisted analysis with TargetScan revealed that RB1 was a direct target of miR-132 in gastric cells. RB1 is the first tumor suppressor gene that was identified and is a negative regulator of the cell cycle (19) . It has been shown that RB1 expression is inhibited by various miRs in human cancer cells (20) (21) (22) , indicating that downregulation of RB1 may be a key feature of tumor initiation or progression.
In conclusion, miR-132 was identified as a novel positive regulator of gastric cancer development via suppression of RB1 protein expression. These data may be beneficial for determining novel therapeutic strategies for future treatment of gastric cancer. 
